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Abstract

The modified multiple platform method (MMPM) is a classical sleep deprivation model. It

has been widely used in behavioral and brain research, due to its effects on physical and

mental functions. However, different MMPM protocols can promote distinct effects in rats.

Although the MMPM has been proved to induce central fatigue, the effects of different dura-

tions of subjection to the MMPM remain undetermined. This study aims to investigate the

changes in behavior, N-Methyl-d-Aspartate receptor 1 (NR1) and 2A (NR2A), as well as the

ultrastructural alteration in the hippocampus after different MMPM modelling, to compare

the central fatigue effect induced by dynamic MMPM. Rats were randomly divided into four

groups: 5-, 14- and 21- day MMPM groups, and a control group. Each MMPM group under-

went a 14-hour daily MMPM modelling. After each training session, open field and elevated

plus maze tests were performed. Corticosterone levels were detected by ELISA, and the

hippocampal NR1 and NR2A were measured by RT-PCR and Western blot analysis. In

addition, ultrastructural changes in the hippocampal cornu ammonis 1(CA1) region were

determined by transmission electron microscopy (TEM). The findings showed that the 5 and

14 days of MMPM induced a high-stress state, while the 21 days of MMPM induced anxiety

and degenerative alteration in the hippocampal morphology. Additionally, hippocampal NR1

and NR2A gene expression decreased in all MMPM groups, whereas the protein expression

only decreased in the 21-day group. Overall, different durations of MMPM caused distinct

behavioral and brain changes, and the 21 days of MMPM could induce central fatigue.
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1. Introduction

A close relationship between the rhythm and duration of sleep and the central nervous system

(CNS) function has been found[1]. Mental and physical functions can be affected by sleep depri-

vation. In humans, chronic sleep deprivation can result in anxiety[2], and decreased ability of

learning and memory[3–4]. Furthermore, continuous sleep deprivation could induce fatigue and

even severe disease[5]. The modified multiple platform method (MMPM) has been extensively

applied in sleep deprivation of rodents[6]. The equipment consists of a plastic tank and several

platforms, which are stuck to the bottom of the tank. When the tank is filled with water (1-2cm

to the surface of platform), rats are forced to stand on the platforms because of their instinctive

fear of water, when they fall asleep, they will fall into the water and wake up[7]. This method can

effectively affect emotion[8–9] and cause cognitive dysfunction[10]. Central fatigue is defined as

the failure to initiate and/or sustain attentional tasks and physical activities requiring self-motiva-

tion (as opposed to external stimulation)[11–12]. As is different from peripheral fatigue, central

fatigue is a condition involving a decrease in brain high level cognition and negative emotions

such as anxiety[13]. Previous studies found that the intermittent subjection to MMPM could

induce central fatigue[14–15], and the condition could be treated by CNS function-improving

medicine [16–17]. However, research on this topic remains scant and needs to be enriched.

There are three criteria in animal models for human disorders of rodents. Construct validity

(i.e., derived from similarity in the underlying mechanisms—physiological or psychological),

face validity (i.e., phenomenological similarity between human clinical condition symptoms

and symptoms expressed in the animal model), and predictive validity (i.e., an animal’s

response to medication can predict human response) [18–19]. Sleep deprivation could directly

decrease CNS function, and the condition produced by MMPM generally meets the manifesta-

tion of central fatigue (cognitive dysfunction and negative emotion). In addition, treatments

that enhance CNS function can effectively improve the MMPM condition. These evidence

shows that the MMPM may meet the validation criteria of the animal model of central fatigue.

Although numerous studies have investigated the effect of MMPM on CNS function and

behavioral parameters, such as learning ability[20], anxiety[21], and manic behavior[22], most

of them studied the continuous MMPM modelling from 24h to 96h. Only a few studies have

investigated intermittent MMPM modelling, such as for 5 and 21 days, without systematic

contrast or further classification. Moreover, the effect of sleep deprivation on CNS function is

not unidirectional; sleep deprivation may induce a positive or negative effect depending on

certain factors, such as duration[23]. As a result, the central fatigue model induced by MMPM

has become difficult to construct and evaluate.

Glutamate (Glu) is a classical excitatory neurotransmitter. It is closely related to cognition,

emotion, stress, and fatigue[24]. NR1 and NR2A are two N-methyl-D-aspartate (NMDA) recep-

tor subtypes of Glu, they both participate in the process of synaptic plasticity, and various psy-

chiatric disorders, such as anxiety and depression[25]. The hippocampus is the dominant brain

region that processes cognition and emotion. In addition, NR1 and NR2A can regulate the syn-

aptic plasticity of hippocampal neurons[26].Thus, the current work aims to analyze the changes

in behavior, NR1 and NR2A, synapses and mitochondria, after a gradient increase in the dura-

tion of intermittent MMPM on rats, in order to construct an effective model of central fatigue.

2. 2. Material and methods

2.1 Animal

Adult male Wistar rats (weighing 160–180g) were purchased from Beijing Vital River Labora-

tory Animal Technology Limited Company (Beijing, China). Animals were kept in a room at a
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constant temperature of 23 ± 1˚C, relative humidity of 30% to 40%, light-dark cycle of 12 h

(from 06:00 to 18:00), and ad libitum supply of food and purified water. Rats were individually

adapted in home cages and adapted to the new environment in the experiment room for 7

days. Thirty-two rats were randomly divided into four groups as follows: 5-day group (n = 8),

14-day group (n = 8), 21-day group (n = 8) and control group (n = 8).

The experiments were approved by the Institutional Animal Ethics Committee of Beijing

University of Chinese Medicine. All the animals were maintained in accordance with the

guidelines outlined by the Chinese legislation on the ethical use and care of laboratory animals.

Moreover, all efforts were made to minimize animal suffering and the number of animals used

to produce reliable data.

2.2 MMPM

Fifteen plastic platforms were fixed at the bottom of a plastic tank (110 × 60 × 40cm). The tank

was filled with water at a temperature of 20˚C to 25˚C and a depth of 1.0cm below the platform

surface. Iron cages and bottles were filled with food and water, respectively, hanging on the

tank cover (iron gauze wire netting). The 5-, 14- and 21-day groups were subjected to MMPM.

All MMPM protocols started on the following day and lasted from 18:00 to 8:00. Each rat was

subjected to MMPM for 14h per day. Rats in the 5-day group were subjected to MMPM for 5

consecutive days, and rats in the 14- and 21-day groups were subjected to MMPM for 14 and

21 consecutive days, respectively. The rats were returned to their home cages after being sub-

jected to the 14-h MMPM, at 8:00am and supplied with food and purified water. The tank for

the MMPM was cleaned carefully by experimenters, and filled with water at a temperature of

20˚C to 25˚C before 18:00 pm. Rats were carefully monitored to avoid accidental injury during

training and placed in individual cages after the MMPM. The MMPM was performed in a sep-

arate room which had the same environment.

The rats in the control group were routinely fed for 21 days.

2.3 Behavioral tests

The behavioral tests were performed on the following day after each training section (for

instance, the behavioral tests of 5-day group were performed directly after 5 days of MMPM

training). The tests were initiated at 8:00 am in the following sequence: open field test (OFT)

and elevated plus maze (EPM). Each rat was transported to the test room 2 h prior for acclima-

tization, a 1.5-hour break was given for all rats between the two tests. Behavioral tests were

analyzed using the EthoVision XT software (Noldus, the Netherlands). Each rat was placed in

the central square in both tests and was tested once only in each test. The open field arena and

the arms of the EPM were thoroughly cleaned with 75% ethanol between rats during each test.

2.3.1 Open field test(OFT). The OFT provides a novel environment in which to measure

animal locomotion and emotion[27]. The open field arena (100 ×100 × 40 cm) is made of

acrylic, with grey walls and a black floor, and is divided into 25 equally sized areas. Each rat

was tested for 3 min. Five parameters were tested: 1) the time spent in central (60 × 60 cm); 2)

the total distance travelled; 3) the maximum distance travelled during an uninterrupted run; 4)

the mean velocity; 5) the tracking during the test period (recorded by a camera and drawn

using a computer software).

2.3.2Elevated plus maze(EPM). The EPM is a classical paradigm for evaluating anxiety in

rodents[28].The EPM in the current study was constructed as in previous studies: with two

open arms (30 × 5 × 15 cm) and two closed arms (30 × 5 × 15 cm) that extended from a central,

open square (5 × 5 cm) [29–30]. The maze was elevated on a pedestal to a height of 45 cm

above the floor. Each rat was tested for 3 min. Two parameters were tested: 1) the amount of
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time to explore the open arms relative to the total amount of time to explore the open and

closed arms of the maze, recorded as the ratio of time spent in the open arms/time in the arms;

2) the total number of entries into the open arms relative to the total entries, recorded as the

ratio of number of open arms entries/total entries.

2.4 Transmission electron microscope(TEM)

Rats were deeply anaesthetized with an intraperitoneal injection of 10% pentobarbital sodium

(0.40 mL/100 g body weight), then immediately sacrificed by rapid decapitation. All rats were

comfortably sacrificed under anesthesia. After removing the hippocampus, three randomly

chosen pieces of the CA1 region of the hippocampus were cut into 1mm3 and immediately

fixed in 2.5% glutaraldehyde (pH = 7.4) at 4˚C for 4h. The samples were then dehydrated and

fixed according to previous studies[31]. Fixed samples were observed and photographed by

TEM (JEM1230, JATAN, Japan).

2.5 Enzyme-linked immunosorbent assay (ELISA)

Trunk blood was collected in a blood collection tube and centrifuged at 3,000 rpm at 4˚C for

20min. The obtained serum was then used to detect corticosterone. An ELISA kit was used to

measure corticosterone level (Enzo Life Science, Inc., Lausen, Switzerland).

2.6 Real-time PCR(RT-PCR) analysis

The hippocampus was removed and immediately placed in liquid nitrogen and then stored at

−80˚C until assayed. Gene expression of NR1 and NR2A was analyzed by quantitative

RT-PCR. Total RNA was extracted from the hippocampus using the SV Total RNA Isolation

System (Promega Z3100, Fitchburg, USA). The total RNA (1μg) was reverse-transcribed to

50μl cDNA using a Reverse Transcription System (Promega A3500). Both methods were per-

formed according to the manufacturer’s instructions. Primers were designed using Primer-

BLAST (NCBI, Bethesda, MD, USA) according to the mRNA sequences (in GenBank) for

NR1 (NM_ 017010), NR2A (NM_ 012573) and β-actin (NM_031144.2, as control). The PCR

products were run on a 0.8% agarose gel to confirm that the products were of the expected

size. Results were normalized against β-actin expression. The primer sequences are listed in

Table 1. The Real-time quantitative PCR analysis were performed using the CFX96 Touch

instrument (Bio-Rad, Hercules, CA, USA).

The reaction conditions were as follows: initial activation at 95˚C for 30 s; 40 cycles of dena-

turation at 95˚C for 5 s, annealing at 60˚C for 30s; and melt curve determination at 65˚C to

95˚C for 5 s. All the measurements were performed in triplicate. The RT-PCR data are pre-

sented as Ct values. The relative expression levels of NR1 and NR2A were determined using

the 2-ΔΔCt method[32].

Table 1. The primers for RT-PCR.

Genes Primers

NR1 5’-GGACTGACTACCCGAATGTCCA-3’(forward)

5’-GTAGACTCGCATCATCTCAAACCA-3’(reverse)

NR2A 5’-GCTTGTGGTGATCGTGCTGAA-3’(forward)

5’-AATGCTGAGGTGGTTGTCATCTG-3’(reverse)

β-Actin 5’-GGAGATTACTGCCCTGGCTCCTA-3’(forward)

5’-GACTCATCGTACTCCTGCTTGCTG-3’(reverse)

https://doi.org/10.1371/journal.pone.0176850.t001
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2.7 Western blot analysis

Hippocampus was lysed using a Mem-PER Eukaryotic Membrane Protein Extraction Reagent

Kit (Pierce Biotechnology, Rockford, IL, USA). Protein concentration was determined by the

BCA assay kit (Solarbio Life Science, Beijing, China). Equal amounts of lysates were separated

on a SDS-12% PAGE and then transferred onto polyvinylidene difluoride(PVDF) membranes

(10μl each sample, 80 V, 2.5 h). After blocking with 5% dried skim milk for 2 h, the membranes

were incubated with Anti-NMDAR1 antibody (Rabbit polyclonal to NMDAR1, Abcam, Cam-

bridge, UK. 1:1000), Anti-NMDAR2A antibody (Rabbit polyclonal to NMDAR2A, Abcam,

1:1000) and Anti-actin antibody (Rabbit polyclonal to beta Actin, Abcam, 1:6000) antibodies

at 4˚C overnight. The samples were then incubated with IRDyeTM secondary antibodies

(1:10,000) for 1 h in room temperature. Protein bands were visualized on a LiCor Odyssey

instrument (LiCor Biotechnology, Lincoln, NE, USA).

2.8 Statistic analysis

Data were analyzed with the Statistical Package for the Social Sciences (SPSS) version 17.0

(IBM, Corp., NY, USA) and expressed as the mean ± standard error of mean (SEM). All the

data were initially tested for normality and homogeneity of variance, and then, one-way

ANOVA or Kruskal–Wallis was applied. In addition, the least significant difference method or

Mann–Whitney test was adopted for comparison between groups. P values < 0.05 were con-

sidered statistically significant.

3. Results

3.1 OFT

The time spent in the center relates to the anxiolytic-like behavior of rodents[33]. Based on

one-way ANOVA tests, the time spent in the center was significantly different among the four

groups [F(3,28) = 4.795, p<0.01]. This parameter of the 5- and 14-day groups both increased

compared with the control group (p<0.05). The total distance travelled, maximum distance

travelled during an uninterrupted run (maximum continuous distance) and mean velocity

reflect the locomotion behavior of rats. One-way ANOVA test showed no significant differ-

ence in the total distance travelled [F(3,28) = 1.651, p>0.05]. However, the Kruskal–Wallis test

revealed a significant difference in the maximum continuous distance travelled among the

four groups [H(3) = 9.397, p<0.05]. The 5-day group travelled a longer continuous distance

compared with the control group (p<0.05). The mean velocity, another indicator of locomo-

tion activity, showed no significant difference among the groups [F(3,28) = 1.716, p>0.05].

The representative track of every group revealed that the 5- and 14-day MMPM evidently

increased the central travelling compared with control group. (Fig 1, data in S1 File. Raw data

of OFT).

3.2 EPM

Two parameters measured by this test are used to evaluate anxiety in rats. One is the amount

of time in the open arms relative to the total amount of time that the rat explored both in the

open and closed arms, expressed as a ratio. One-way ANOVA test revealed a significant differ-

ence among the four groups in this parameter [F(3,28) = 11.023, p<0.001], and the 21-day

group spent less time compared with the control group (p<0.001). The other parameter is the

number of open arm entries relative to the total number of entries into both arms, expressed

as a ratio. A significant difference was observed among the four groups based on the one-way

ANOVA test [F(3,28) = 3.953, p<0.05]. As with the previous result on the first measure, the
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rats of the 21-day group visited the open arm less frequently compared with those of the con-

trol group (p<0.001). (Fig 2, data in S2 File Raw data of EPM).

Fig 1. Analysis of OFT. All data are presented as the mean ± SEM (n = 8); * refers to p <0.05 vs. control group. Δ refers to p<0.05 vs. 21-day

group A: The time spent in the central area was recorded by a test lasting 3min. The time spent in the center of the 5- and 14-day group increased

compared with that of the control group. B: No significant difference in the total distance travelled was observed among the four groups. C: A

significant difference in the maximum continuous distance travelled was found among the four groups, and the 5-day group travelled a longer

continuous distance compared with the control group. D: The mean velocity showed no significant difference among the four groups. E:

Representative track of every group.

https://doi.org/10.1371/journal.pone.0176850.g001
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3.3 Corticosterone level

The analysis of blood serum corticosterone concentration revealed a significant difference

among the four groups based on the Kruskal–Wallis test [H(3) = 18.855, p<0.001]. Both the 5-

and 14-day groups showed higher corticosterone concentrations compared with the control

group (p<0.01). However, no significant difference was found between the 21-day and the

control group (p>0.05) (Fig 3, data in S3 File Raw data of Corticosterone).

Fig 2. Analysis of EPM. All data are presented as the mean ± SEM (n = 8); * refers to p <0.05 vs. control group. ΔΔ refers to p<0.01,ΔΔΔ refers to

p<0.001 vs. 21-day group. A: The ratio of the number of entries in the open arms/total entries showed a significant difference among the four

groups, and the index decreased significantly in the 21-day group compared with the control group. B: The ratio of the time spent in the open arms/

all arms showed a significant difference among the four groups, and consist with the previous result, the 21-day MMPM significantly decreased the

time spent in the open arms compared with the control group.

https://doi.org/10.1371/journal.pone.0176850.g002

Fig 3. Increasing corticosterone level in blood serum of 5- and 14- groups. All data are represented as

the mean ± SEM (n = 8); ** refers to p<0.01 vs. control group. A significant difference in corticosterone level

was observed among the four groups. Compared with the control group, the 5- and 14-day groups have

significantly increased corticosterone levels.

https://doi.org/10.1371/journal.pone.0176850.g003

An animal model of central fatigue

PLOS ONE | https://doi.org/10.1371/journal.pone.0176850 May 11, 2017 7 / 16

https://doi.org/10.1371/journal.pone.0176850.g002
https://doi.org/10.1371/journal.pone.0176850.g003
https://doi.org/10.1371/journal.pone.0176850


3.4 Expression of mRNA of NMDA receptor (NR1 and NR2A)

For the RT-PCR analysis of gene expression in the hippocampus, NR1 expression showed a

significant difference among the four groups [F(3,28) = 13.074, p<0.001]. Each group exhib-

ited a decrease in NR1 mRNA expression as compared with the control group (p<0.001). A

significant difference was observed in hippocampal NR2A mRNA expression among the four

groups [F(3,28) = 24.432, p<0.001]. Like the previous result on NR1, MMPM caused a

decrease in NR2A expression at all durations, compared with the control group(p<0.001) (Fig

4, data in S4 File Raw data of NR1 and NR2A).

3.5 Protein expression of NMDA receptor (NR1 and NR2A)

The Western blot analysis revealed a significant difference in the level of NR1 protein among

the groups [H(3) = 12.006, p<0.01]. Compared with the control group, the level of NR1 in the

21-day MMPM group was significantly decreased(p<0.01), while no change was detected in

the 5- and 14-day groups(p>0.05). Similarly, a significant difference was detected in the NR2A

[H(3) = 9.139, p<0.05]. The 21-day group exhibited a significant decrease compared with the

other three groups (Fig 5, data in S4 File Raw data of NR1 and NR2A).

3.6 Ultrastructural changes in the CA1 region of the hippocampus

The ultrastructural micrographs of the hippocampal synapses in the CA1 region of the four

groups are shown in Fig 6 (pictures in S6 File TEM pictures). The hippocampal synapses in the

21-day group exhibited a degenerative change compared with the control group (Fig 6A). The

synapses showed wider synaptic cleft between the two synaptic membranes and decreased syn-

aptic vesicles (Fig 6D). However, no evidence of change in the synapses was observed in the 5

and 14-day groups (Fig 6B and 6C).

Fig 7 shows the ultrastructural changes in the mitochondria of hippocampus. A rupture

mitochondrial cristae and double membrane were observed in the 21-day group (Fig 7D),

whereas no evidence of change was observed in the 5- and 14-day groups compared with the

control group (Fig 7B and 7C).

Fig 4. Decreasing NR1 and NR2A gene expression in 5-, 14- and 21-day groups. All data are presented as the mean ± SEM (n = 8); *** refers

to p <0.001 vs. control group. The expression of NR1 (A) and NR2A (B) in the hippocampus of each MMPM group showed a significant decrease

compared with the control group.

https://doi.org/10.1371/journal.pone.0176850.g004
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4. Discussion

Sleep deprivation significantly influences the occurrence of central fatigue. Generally, rats

need 12.6 h of sleep per day[34–35], approximately 2.4–4.2 h (20%–35% of total sleeping time)

during night and 8.2–9.6 h (65–80% of total sleeping time) at daytime[36–37]. During the

MMPM modelling, sleep was deprived because rats fell into the water and woke up when they

fell asleep on the platform. Moreover, other factors of the MMPM, such as tedious and

repeated environment and long-term standing on the platform, contributed to central fatigue.

These factors caused behavioral and brain changes as well. Since central fatigue is a phenome-

non induced by multiple factors, we attempt to put other factors into the modelling, such as

physical output and emotional interference, to increase the construction validity. Additionally,

based on our previous research, the duration of sleep deprivation in this study was set to 14h,

from 18:00 to 8:00, whereby sleep deprivation and physical output can be both considered,

instead of simple sleep deprivation. Although the MMPM has been used to generate central

fatigue, intermittent duration and the time point have not been considered or introduced as

factors. The present study proved that different MMPM protocols can generate distinct behav-

ioral and brain changes, 21 days of MMPM could generate substantive anxiety without stress

response, degenerative changes in hippocampal synapses and mitochondria, and down regula-

tion of NMDA receptors, which make the condition favorable to develop central fatigue. This

research is the first study to detect the dynamic change by intermittent MMPM. It could be

used as supportive evidence for the development of central fatigue animal model, and the basis

of mechanism and intervention research.

The results of the OFT revealed a high-stress state and anxiolytic-like behavior in the 5- and

14-day groups, while the EPM confirmed evident anxiety in the 21-day group. The OFT is a

classic test to evaluate the locomotion and exploration behavior of rodents[38].The time spent

in the central area reflects exploration and risky behavior. Rats prefer to walk close to the walls

in an open field environment, a behavior called thigmotaxis[39]. Non-emotional rats prefer to

leave the central area quickly, increased time spent in the central area reflected anxiety in

rodents [40]. In our study, the time spent in the central area increased in the 5- and 14-day

Fig 5. Decreased NR1 and NR2A protein expression in 21-day group. All data are presented as the mean ± SEM (n = 8); **refers to p<0.01

vs. control group. Δ refers to p<0.05, ΔΔ refers to p<0.01 vs. 21-day group. A representative blot and quantitation of the NR1/NR2A relative to β-

actin ratio are shown. The molecular weight, based on the band size of NR1, NR2A, and β-actin were 120kDa, 170kDa, and 50kDa respectively.

The levels of both the NR1 (A) and NR2A (B) proteins of the 21-day group decreased compared with the control group, and the other two groups

as well.

https://doi.org/10.1371/journal.pone.0176850.g005
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groups, indicating anxiolytic-like behavior. Although no significant change was seen in the

21-day group compared with the control group, the EPM confirmed evident anxiety in 21-day

group unlike 5- and 14- day groups. Given that the two tests are based on different mecha-

nisms to evaluate anxiety, it may be related to the reason why the 21 days group rats did not

show anxiety behavior during the exploration of the novel environment, and the anxiety in the

EPM occurred in the long term MMPM. Thus, further research is still needed for deeper expla-

nation of this result. The maximum continuous distance, total distance travelled and mean

Fig 6. Degenerative changes of hippocampal synapses in 21-day group(40,000×) (n = 3). Compared with the control group (A), the

synapses of the 5-day group (B) and 14-day group (C) did not show any evident change. The synaptic cleft of the 21-day group (D) was

wider, and the synaptic vesicles were reduced.

https://doi.org/10.1371/journal.pone.0176850.g006
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velocity reflect the locomotor activity. No significant difference was observed in the total dis-

tance travelled or mean velocity among the groups. However, the maximum continuous dis-

tance travelled by the 5-day group increased compared with the control group. The reason for

this may be that the 5-day MMPM induced a high-stress and restless state, then induced the

increased locomotor activity. Finally, no change in locomotor activity was observed in the 14-

and 21-day groups, indicating less excitability and aggressiveness, and exhibited as diminished

exploration. Together with the result of increasing central time in these two groups, the

Fig 7. Degenerative changes of hippocampal mitochondria in 21-day group(40,000×) (n = 3). Compared with the control group (A),

the 5-day group (B) and 14-day group (C) showed no visible changes, whereas the mitochondria of the hippocampus of the 21-day group

(D) showed degenerative changes such as a stretched morphology and a ruptured double membrane.

https://doi.org/10.1371/journal.pone.0176850.g007
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findings reveal that the rats in the 5- and 14-day group mainly exhibited a high-stress and anxi-

olytic-like behavior. Additionally, the emotion state was intended to be stable in the 21-day

group, an inhibition state with less exploration rather than high-stress or over-stimulation.

The EPM test, a further evaluation of anxiety, was performed, and the results revealed evi-

dent anxiety in the 21-day group. The time spent and the frequency of entries in the open

arms both decreased in the 21-day group, indicated evident anxiety produced by the 21 days of

MMPM. However, no evidence showed significant anxiety in the 5- or 14-day group, which is

not consist with the result in OFT. We consider this changes in 5- and 14-day groups during

OFT is more like a consequence of over-stimulation and stress response after MMPM. Recover

from this change may occur quickly. However, when the MMPM duration extended to 21

days, the stress response disappeared and the negative effect of central fatigue became substan-

tive, and rats are hard to recover, the following results are consistent with this conclusion as

well.

The 5- and 14-day MMPM groups largely induced a high-stress state, a finding that is sup-

ported by the high corticosterone level in the blood serum of these rats. Corticosterone is an

early change after the CNS is stimulated, and this indicator changes very fast[41]. Increasing

level of corticosterone reflects stress response, high-stress state of the rodents, which may be a

consequence of the activity of the hypothalamic–pituitary–adrenal (HPA) axis[42]. In addi-

tion, a previous study suggested that the MMPM increases corticosterone level because it was a

stressor to rodents[43], a factor that affects the modelling by the MMPM as well. In this study,

the corticosterone level increased in both the 5- and 14-day groups compared with the control

group, indicates a high-stress state and an altered HPA activity due to sleep deprivation and

MMPM stimulation. Remarkably, no change in corticosterone level was observed in the

21-day group compared with the control group. We consider this recovery to be a result of

long-term adaptation to MMPM, such that, in this study, we found that the stress response

induced by MMPM is bidirectional. The 21-day MMPM modelling could significantly

decrease or even remove the effect of the model itself as a stressor to rats, which could make it

more reliable in constructing a central fatigue model.

The NMDA receptors are reportedly involved in synaptic plasticity and various psychiatric

activities[44]. The hippocampus is the main brain region associated with cognition and synap-

tic plasticity during central fatigue[45]. NR1 and NR2A are two subunits of the N-methyl-d-

aspartate receptor that regulate brain function in the hippocampus, including synapses signal

transduction. This process have been found to be closely related to anxiety[26], central fatigue

[15], and cognition[46]. Consistent with a previous study [38], our data showed that all the

MMPM protocols down regulated the gene expression of the NR1 and NR2A in the hippocam-

pus. However, only 21-day MMPM decreased the protein expression of these receptors, this

result mainly concerns the signal pathway affected by the NR1/NR2A gene change, the 5- or

14-day MMPM did not affect the protein formation until 21 days.

If the down-regulation of NMDAR is the initial change, the morphological changes may

follow. We consider that the degenerative ultrastructural changes in the 21-day MMPM group

are a consequence of long-term dysfunction of the synaptic plasticity, and the effects of central

fatigue. As expected, the ultrastructural changes in the 5- and 14-day MMPM groups were

inconspicuous. The mitochondria is known to be closely related to energy consumption and

neuron function, it can be influenced and phenocopied by environmental factors[47]. More-

over, brain energy metabolism is closely related to central fatigue[48–49]. The 21-day MMPM

degenerated the mitochondrial structure and morphology, whereas the 5- and 14-day dura-

tions did not show any evident changes. We consider that the effects of the 5- and 14-day

MMPM were more of a psychophysiological condition, from which the animal can recover,
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and the 21-day MMPM could damage the energy mitochondrial metabolism system and

function.

5. Conclusion

The MMPM can result in NR1 and NR2A gene down-regulation. However, different levels of

brain dysfunction on rats depend on the duration of the modelling. The effect of 5 and 14 days

of MMPM remains to be on stress response, indicating a psychophysiological condition from

which the rats can recover. When the modelling lasted for 21 days, the rats exhibited anxiety

and substantial degenerative changes in the hippocampal synapses and mitochondria. These

changes may be related to the decrease of the NR1/NR2A proteins. Overall, subjection to the

21 days of MMPM can be an effective model of central fatigue.
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36. Franken P, Dijk DJ, Tobler I, Borbély AA. Sleep deprivation in rats: effects on EEG power spectra, vigi-

lance states, and cortical temperature. Am J Physiol. 1991; 261:198–208.

37. Tang X, Yang L, Sanford LD. Individual variation in sleep and motor activity in rats. Behav Brain Res

2007; 180:62–68. https://doi.org/10.1016/j.bbr.2007.02.022 PMID: 17399804

38. Prut L, Belzung C. The open field field as a paradigm to measure the effects of drugs on anxiety-like

behaviors: a review. Eur J Pharmacol.2003; 463:3–33. PMID: 12600700

39. Hovens IB, Schoemaker RG, vander Zee EA, Heineman E, Nyakas C, van Leeuwen BL. Surgery-

induced behavioral changes in aged rats. Exp Gerontol. 2013; 48:1204–1211. https://doi.org/10.1016/j.

exger.2013.07.011 PMID: 23916881

An animal model of central fatigue

PLOS ONE | https://doi.org/10.1371/journal.pone.0176850 May 11, 2017 15 / 16

http://www.ncbi.nlm.nih.gov/pubmed/20614860
https://doi.org/10.1111/j.1755-5949.2010.00224.x
http://www.ncbi.nlm.nih.gov/pubmed/22070228
https://doi.org/10.1093/cercor/bhu310
http://www.ncbi.nlm.nih.gov/pubmed/25585510
http://www.ncbi.nlm.nih.gov/pubmed/11245698
https://doi.org/10.1016/j.schres.2005.07.003
https://doi.org/10.1016/j.schres.2005.07.003
http://www.ncbi.nlm.nih.gov/pubmed/16140506
https://doi.org/10.1016/j.bbr.2013.08.044
http://www.ncbi.nlm.nih.gov/pubmed/24029697
http://www.ncbi.nlm.nih.gov/pubmed/4041213
https://doi.org/10.1111/j.1365-2826.2008.01772.x
http://www.ncbi.nlm.nih.gov/pubmed/18673411
http://www.ncbi.nlm.nih.gov/pubmed/2864480
https://doi.org/10.1248/bpb.b14-00599
https://doi.org/10.1248/bpb.b14-00599
http://www.ncbi.nlm.nih.gov/pubmed/25747983
https://doi.org/10.1186/1476-0711-13-3
https://doi.org/10.1186/1476-0711-13-3
http://www.ncbi.nlm.nih.gov/pubmed/24393579
http://www.ncbi.nlm.nih.gov/pubmed/6504414
http://www.ncbi.nlm.nih.gov/pubmed/2756014
https://doi.org/10.1016/j.bbr.2007.02.022
http://www.ncbi.nlm.nih.gov/pubmed/17399804
http://www.ncbi.nlm.nih.gov/pubmed/12600700
https://doi.org/10.1016/j.exger.2013.07.011
https://doi.org/10.1016/j.exger.2013.07.011
http://www.ncbi.nlm.nih.gov/pubmed/23916881
https://doi.org/10.1371/journal.pone.0176850


40. Buccafusco Jerry J. Methods of Behavior analysis in neuroscience. 2nd edition. New York: CRC

Press.2009.

41. Piazza PV, Deroche V, Deminière JM, Maccari S, Le Moal M, Simon H, Corticosterone in the range of

stress-induced levels possesses reinforcing properties: implications for sensation-seeking behaviors.

Proc Natl Acad Sci U S A. 1993; 90:11738–11742. PMID: 8265619

42. Jia M, Smerin SE, Zhang L, Xing G, Li X, Benedek D, et cl. Corticosterone mitigates the stress response

in an animal model of PTSD. J Psychiatr Res. 2015; 60:29–39. https://doi.org/10.1016/j.jpsychires.

2014.09.020 PMID: 25307716

43. Suchecki D, Lobo LL, Hipólide DC, Tufik S. Increased ACTH and corticosterone secretion induced by

different methods of paradoxical sleep deprivation. J Sleep Res. 1998; 7:276–281. PMID: 9844854

44. Li SX, Fujita Y, Zhang JC, Ren Q, Ishima T, Wu J, et cl. Role of the NMDA receptor in cognitive deficits,

anxiety and depressive-like behavior in juvenile and adult mice after neonatal dexamethasone expo-

sure. Neurobiol Dis.2014; 62:124–134. https://doi.org/10.1016/j.nbd.2013.09.004 PMID: 24051277

45. Wang M, Ramos BP, Paspalas CD, Shu Y, Simen A, Duque A, et cl. Alpha2A-adrenoceptors strengthen

working memory networks by inhibiting cAMP-HCN channel signaling in prefrontal cortex. Cell.2007;

129:397–410. https://doi.org/10.1016/j.cell.2007.03.015 PMID: 17448997

46. Krzystanek M, Bogus K, Pałasz A, Krzystanek E, Worthington JJ, Wiaderkiewicz R. Effects of long-term

treatment with the neuroleptics haloperidol, clozapine and olanzapine on immunoexpression of NMDA

receptor subunits NR1, NR2A and NR2B in the rat hippocampus. Pharmacol Rep. 2015; 67:965–969.

https://doi.org/10.1016/j.pharep.2015.01.017 PMID: 26398392

47. Vafai SB, Mootha VK. Mitochondrial disorders as windows into an ancient organelle. Nature.2012;

491:374–379. https://doi.org/10.1038/nature11707 PMID: 23151580

48. Dalsgaard MK, Secher NH. The Brain at Work: A Cerebral Metabolic Manifestation of Central Fatigue?

J Neurosci Res. 2007; 85: 3334–3339. https://doi.org/10.1002/jnr.21274 PMID: 17394258

49. Newsholme EA, Blomstrand E. Branched-Chain Amino Acids and Central Fatigue. J Nutr. 2006; 136:

274–276.

An animal model of central fatigue

PLOS ONE | https://doi.org/10.1371/journal.pone.0176850 May 11, 2017 16 / 16

http://www.ncbi.nlm.nih.gov/pubmed/8265619
https://doi.org/10.1016/j.jpsychires.2014.09.020
https://doi.org/10.1016/j.jpsychires.2014.09.020
http://www.ncbi.nlm.nih.gov/pubmed/25307716
http://www.ncbi.nlm.nih.gov/pubmed/9844854
https://doi.org/10.1016/j.nbd.2013.09.004
http://www.ncbi.nlm.nih.gov/pubmed/24051277
https://doi.org/10.1016/j.cell.2007.03.015
http://www.ncbi.nlm.nih.gov/pubmed/17448997
https://doi.org/10.1016/j.pharep.2015.01.017
http://www.ncbi.nlm.nih.gov/pubmed/26398392
https://doi.org/10.1038/nature11707
http://www.ncbi.nlm.nih.gov/pubmed/23151580
https://doi.org/10.1002/jnr.21274
http://www.ncbi.nlm.nih.gov/pubmed/17394258
https://doi.org/10.1371/journal.pone.0176850

